Abstract
Introduction

21
The ureter is a muscular tube with non-linear mechanical properties, which conveys urine from the kidneys to 22 the bladder [1] . In the urinary system, peristaltic motion is caused by a muscular contraction of the ureteral wall 23 initiated by pacemakers. This drives urine from the kidney to the bladder through the ureter. Ureteral peristaltic 24 motions are the result of a complicated movement of various differently aligned muscle fibres in the ureteral 25 wall [2, 3] . This is difficult to study experimentally since it is hard to analyse an individual muscle cell in 26 isolation from its neighbours.
28
Mechanical properties of ureteral wall have been studied in many biomechanics research of soft biological 29 tissues [1, 4, 5] . Yin et al [4] shows, ureteral wall has viscoelastic material properties and the stress strain 30 relationship of the ureteral wall is nonlinear. Their result also shows that stress dose not only depended on the 31 strain but also strain history. The history depended is related to hysteresis, stress relaxation and creep.
32
It is worthy of mention that the biomechanical properties and composition of the human ureter are affected by 33 age and region-related [6] . According to the study by Sokolis et al [6] , despite a non-significant difference 34 between the left and right ureters, regional differences were established by the displacement of the stress -strain 35 curves from the upper to lower ureter. The different distribution of the properties may be related to the 36 difference in the functions. The stiffness, which increases distally, may constitute an adaptation of the ureter to 37 its functional demands, namely storage of urine proximally where it is wider and distensible, and transfer of 38 urine distally where the ureter is more resistant by being narrower and stiffer. Moreover, the collagen content of 39 the upper ureter is increased by aging and it is distributed regional uniformly.
41
There is an increasing number of patients suffering from ureter diseases such as dysfunctional Pelvis Ureteric
42
Junction (PUJ), Vesicoureteric reflux (VUR), and intrinsic and extrinsic obstruction the urinary tract infection.
43
There is a wide range of clinical studies on the ureter, conducted in order to improve the understanding of 44 urodynamic responses under different pathological conditions [7] [8] [9] [10] [11] .
46
Several experimental techniques including x-ray screening, dynamic scintigraphy and Doppler ultrasonography have been used in previous studies to investigate urodynamic and ureteric peristalsis [12] [13] [14] [15] [16] [17] [18] [19] [20] . Kiil [20] used an invasive technique to measure the ureteral pressure using electronic strain-gauge pressure transducers attached 49 to catheters inserted into the ureter.
50
Although the clinical data is more reliable, the non-controllable environment of an in vivo study as well as the 
59
In a computational simulation of the ureteral system, when considering a series of basic assumptions , it may 60 lead to less reliable results. The actual geometrical parameters, biomechanical properties, the origin of 61 contractions and its multi-dimensional movements are important factors which were not considered in the 62 majority of previous studies [21] [22] [23] [24] [25] [26] . As a result, developing a computational platform which incorporates these 63 factors will provide physicians with a better understanding of the exact mechanisms behind each disease, 64 resulting in a better diagnosis and treatment.
66
One of the recent computational simulations of ureter was introduced by Vahidi et al. [27] . Cylindrical geometry 67 with nonlinear material properties was simulated assuming a rigid contact surface in order to model the 
74
Measuring the pressure pulses in the ureter is a key diagnostic tool to understand peristaltic activities. Intra-
75
ureteral pressure has typically been studied using fluid filed catheters connected to a displacement type pressure 
82
In our previous studies a simplistic cylindrical model of a ureter was simulated [29, 30] . The aim of this study is 83 firstly to introduce a novel technique to simulate a realistic ureteral peristaltic contraction. For this study, the 84 wall contact pressure in addition to the Intra-Abdominal Pressure (IAP) is used to investigate the pressure pulse.
85
The pressure pulse was simulated by using the novel Piecewise Linear Force Model (PLFM) with the purpose of 86 emulating the relaxation and contraction of individual muscles with fixed positions across time. To our 87 knowledge, this technique has not been used in previous studies [20] [21] [22] [23] [24] [25] [26] [27] . It is worth mentioning, this novel 
A Solver for Incompressible Viscous Flow (urine): 106 107
For the fluid phase, urine is modelled as an incompressible viscous flow which can be described by the Navier-
108
Stokes equations. The Navier-Stokes equations for incompressible viscous flows are described in equation 1.
110
Where u is the vector of fluid velocities, p is the pressure,  is dynamic viscosity and f is a body force term. For 
118
A Solver for the Deformation of the Solid (ureter): 119 120
For the solid phase, the combined finite-discrete element method is used to simulate the movement and 121 deformation of the ureter under external forces [33] . The equation of motion is solved by an explicit time 122 integration scheme based on a central difference method of second order.
124
The static shape of a healthy human ureter was obtained by using CT scans of the urinary system of a female 
138
Ureteral Wall Properties: 139 140
To mimic a realistic computational model of ureteral wall, the non linear tensile properties of the 141 ureter have to be considered. To adapt the nonlinear tensile properties of the ureter, a scalar quantity called 142 "Equivalent strain (EQ''is introduced into the structural code. This is described in Eq (2) where v = 0.35 is
143
Poisson ratio, ɛ 11 , ɛ 22, ɛ 33 
213
are extracted from a study by Shafik [10] . Table 1 shows the boundary conditions, contraction parameters and 214 material properties of the simulations performed in this study. 
215
234
In figure 6 , Z is the distance along the ureter. The total length of the ureter is 22 cm. Z=22 is the Pelvis
235
Ureteric Junction (PUJ) and Z=0 is the Vesico Ureteric Junction (VUJ). For the healthy condition, the 236 contraction A starts from Z=18.8 cm and propagates towards Z=14.48 mm with a speed of 3.5 cm/s.
237
Concurrently, Contraction B start at Z=8.7 mm and propagates towards Z= 4.7 mm with the same speed.
238
Results and Discussion
239
PLFM Results: 240 241
In order to verify the PLFM, a simulation of the contraction displacement in one ureteral cross-section was 242 performed and the results were compared to the experimental data. 
Simulation of a Healthy Ureteral Contraction: 262 263
A healthy ureter is simulated using the previously described boundary conditions. Figure 8 shows the wall shear 
273
The results also show that the maximum shear stress on the wall depends on the velocity of the contraction in 
Conclusion
327
In this study, a novel peristalsis model is used to investigate the human ureter under two different conditions; a 328 healthy contraction and a depressed ureteral contraction mimicking the effect of a relaxation drug. Realistic 
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